Introduction
The biosynthesis of sugar chains in N-glycans is catalyzed by several glycosyltransferases. Among them, at least six kinds of N-acetylglucosaminyltransferase (GnT) occur in mammalian tissues (Gleeson and Schachter, 1983; Rademachter et ai, 1988) . We have focused on two GnTs that are implicated in the branch formation of N-glycans such as GnT-III and GnT-V, (Taniguchi and Ihara, 1995) . GnT-III and GnT-V use the same biantennary structure as a substrate (Schachter, 1985) . GnT-III catalyzes the formation of (31-4 GlcNAc branches (bisecting GlcNAc), while GnT-V catalyzes the formation of (31-6 branches as shown in Figure 1 . The GnT-III product, bisecting GlcNAc, has been found in various glycoproteins such as IgG (Fujii et ai, 1990) and -y-glutamyltranspeptidases (Yamashita, 1983) . On the other hand, (31-6 branches are found in various tumor cell lines with high metastatic potentials (Dennis et ai, 1987; Dennis and Laferte et ai, 1989; Saitoh et ai, 1992) .
We have purified GnT-V from a human lung cancer cell line (Gu et ai, 1993) and found that GnT-V is not able to form any further tri'-structure once a bisecting GlcNAc residue is added to the core mannose by GnT-III (Schachter, 1985) . Therefore, we have investigated whether high activity of GnT-III, produced by the overexpression of GnT-III gene, will inhibit GnT-V activity in vivo. We showed that this occurs in melanoma cells with high metastatic potentials. Thus, the overexpression of GnT-III downregulates the GnT-V activity (Yoshimura et ai, 1995) as well as modulating various intracellular or cell surface glycoproteins such as E-cadherin and lysosomal associated membranous protein-1 (LAMP-1). Also, the metastasis to the lung was markedly suppressed in the experimental models for metastasis in mice (Yoshimura et al, 1996) .
We also obtained stably transfectants of GnT-III in the hepatitis B virus (HBV) transfected hepatoma cells and found that the transfection of GnT-III gene modifies glycoproteins on the cell surface and the virus replication is dramatically suppressed (Miyoshi et ai, 1995) . The data suggest that remodeling of cell surface or intracellular glycoproteins by glycosyltransferase gene transfection may change the gene expression and cellular communications in the cells.
Transfection of GnT-III gene and suppression of lung metastasis in the mice
The activity of GnT-V is highly correlated with the metastatic potentials of various tumor cells as described above. In fact some of the tumor cells contain a large amount of GnT-V activity which catalyzes the attachment of (31-6 GlcNAc to convert branching N-glycans. A B16 melanoma cell subclone (B16-hm) with a high metastatic potential to the lung has been established. The cells also have a large amount of GnT-V, and its products, (31-6 branches, are abundant in their surface glycoproteins. We have introduced GnT-III gene into these B16-hm cells and obtained stable transfectants. An expression vector, Act-3, that carried a rat GnT-III cDNA under the control of the actin gene promoter in the pCAGGS plasmid and pSVKneo were cotransfected into B16-hm cells by electroporation. Parental B16-hm cells showed no detectable GnT-III activity. Three positive clones were selected at random and designated as B16-hm-III 1, III 2, and III 3. Two of the negative transfectants were used as negative controls and designated as B16-hm-neol and neo 2. The enzyme activities of GnT-III, GnT-V, and (31,4-galactosyltransferse (Gal-T) in the cells was also determined. The intrinsic activities of GnT-V was assayed in the presence of EDTA, which inhibits the competitive effect of GnT-III. Under these conditions, GnT-V and Gal-T activity did not differ significantly among the GnT-III gene transfectants and did not decrease the intrinsic activity of GnT-V and Gal-T. For an unknown reason, the intrinsic GnT-V activity was slightly higher in the positive transfectants.
Decrease of $1-6 branches in whole cell lysates, as measured by L-PHA and E-PHA binding
Lectin blotting was performed to analyze the alterations of carbohydrate structures on the cell surface of parental and transfected cells. The two lectins used were leukoagglutinating phytohemagglutinin (L-PHA) and erythroagglutinating phytohemagglutinin (E-PHA). L-PHA binds specifically to GlcNAc residues on pi-6 branches of tri-or tetra-antennary sugar chains, and the binding is interrupted in the presence of bisected biantennary glycopeptide (Cummings and Kornfeld, 1982) . E-PHA strongly reacts with bisected biantennary structures. Whole-cell lysates from B16-hm cells and negative transfectants were highly reactive to L-PHA. Two proteins of 95 kDa and 80 kDa showed particularly intense L-PHA bind- ing. The proteins from positive transfectants showed reduced reactivity relative to L-PHA. In contrast, staining with E-PHA yielded only few faint signals for proteins from B16-hm cells and negative transfectants, whereas strong signals were seen for proteins from positive transfectants. These data show that expression of GnT-III leads to increased synthesis of bisecting GlcNAc, which in turn suppresses the formation of pi-6 triand tetraantennary N-linked oligosaccharides.
Lung colonization in experimental metastasis was decreased in GnT-III transfectants
When positive transfectants were injected into syngeneic C57BL/6 mice, significantly fewer metastatic nodules were observed than with the parent cells and negative transfectants. The number of metastatic colonies with negative transfectants was similar to that with the parent cells. These results demonstrated that GnT-III expression decreased the metastatic potential of B16-hm melanoma cells in vivo. To determine whether this was due to increased susceptibility of the GnT-III-transfected cells to capture by the immune system, the B16-hm cells and GnT-III transfectants were also injected into athymic BALB/c nude mice intravenously. The positive transfectants produced fewer metastatic nodules than the parent cells and produced negative transfectants to the same extent observed in syngenic C57BL/6 mice, suggesting that the immune system did not affect the metastatic process. Subcutaneous injection of B16-hm cells and GnT-III transfectants into C57BL/ mice yielded fewer than 20 lung colonies even 8 weeks later, which is too few to evaluate the metastatic potential in the spontaneous metastasis assay, and this result is in agreement with previous reports.
In vitro invasions and cell attachment were decreased in GnT-III without affecting cell growth
In the experimental metastasis, the number of metastasized lung colonies is dependent on tumor invasiveness, adhesion on the endothelial cells, attachment to the extracellular matrix, and cell growth. Invasive potential was tested in vitro using a Boyden chamber coated with Matrigel, an extract prepared from mouse Engelbreh-Holm-Swarm sarcoma. The ability of GnT-III positive transfectants to reach the bottom of the well through the Matrigel was suppressed significantly compared to that of B16-hm cells and negative transfectants. Decreased affinity for the extracellular matrix would reduce cell adherence to the lung, resulting in decreased lung metastasis. Cell attachment to collagen and laminin was significantly delayed for the GnT-III positive transfectants compared to that of the B16-hm cells and negative transfectants during the first 30 and 60 min during the incubation. At the end of the 4 h incubation, these cells attached equally to collagen and laminin; cell attachment of fibronectin did not differ significantly among transfectants and nontransfectants. No difference in cell morphology was observed among the cells when these cells were planted and spread on collagen, laminin or fibronectin.
E-Cadherin is implicated for the suppression of lung metastasis
E-cadherin mediates homotypic cell-cell adhesion and the expression is negatively correlated to metastatic phenotype in many cancer cells (Takeichi, 1993) . In B16-hm cells and a control transfectant, E-cadherin was weakly expressed at the cell-cell contacts. Positive transfectants, however, showed intense fluorescence with condensation at the cell-cell contacts, Remodeling of cell surface glycoproteins Fig. 2 . Molecular model of core mannose in the presence and absence of bisecting GlcNAc (right and left, respectively). Molecular modeling was carried out on an INDGO workstation (Silicon Graphics) using the Insight H/discover (Biosym. Technologies) software. Each sugar unit was assumed to adopt the standard conformation, and torsion angles between two sugar units were obtained from nuclear magnetic resonance data (Fujii et al., 1990) . Bisecting GlcNAc is represented in orange, and the blue arrowhead indicates the position where a GlcNAc is transferred by GnT-V. Oxygen, carbon, hydrogen, and nitrogen are represented in red, green, white, and blue, respectively.
indicating elevated expression of E-cadherin at cell-cell contacts of GnT-III positive transfectants (Yoshimura et al., 1996) . E-PHA binding studies indicated that E-cadherin is highly glycosylated by the GnT-III gene transfection and few, if any, bisected GlcNAc residues were attached to E-cadherin in B16-hm and a control transfectant. The turnover rate of E-cadherin was prolonged in the transfectants suggesting that glycosylation of E-cadherin by GnT-III resulted in an increased level and accumulation of E-cadherin molecules at cell-cell contacts. Moreover, cell-cell aggregation was quantitatively enhanced by the increased expression of E-cadherin. We conclude that the suppression of lung metastasis in B16-hm cells expressing GnT-III is, at least, partly due to the increased level of glycosylated E-cadherin.
A molecular model for the substrate competition between GnT-III and GnT-V
As shown in Figure 1 , both GnT-III and GnT-V use the biantennary structure of N-oligosaccharides as a substrate, and substrate specificity studies showed that GnT-V is not able to form any further tri-antennary structure in the presence of a bisecting GlcNAc residue formed by GnT-III. On the basis of nuclear magnetic resonance data, biantennary structure of a core mannose was twisted in the presence of bisecting GlcNAc ( Figure  2 ) This conformational change rendered the substrate inaccessible to GnT-V to form the pi-6 structure, which raised the possibility that pi-6 branching formation could be suppressed by the introduction of the GnT-III gene, thereby resulting in the metastatic potential and of malignant phenotypes.
GnT-III gene transfection suppresses expression of hepatitis B virus (HBV)
Many viruses, including the AIDS virus, HBV and mouse Moloney leukemia virus, have specific sugar chains in their structural proteins although their functions in vivo are not understood. In vivo experiments suggest that they may be important for infection or viral secretion. The cell line HB611 established by transfecting the HBV genome into a human hepatoblastoma cell line Huh6 produces a large amount of hepatitis B surface antigen (HBsAg), hepatitis B envelope antigen (HBeAg), and HBV virion into the medium. To examine whether the alteration of oligosaccharide structures affects viral secretion or gene expression of HBV, we transfected GnT-III gene into this cell line. Positive transfectants have high activities of GnT-III, about 8-10 times the level in the parental cell. Increased binding with E-PHA was observed as determined by lectin blot analysis. Levels of HBsAg and HBeAg in the medium were markedly lower in positive transfectants in comparison with negative transfectants or the parental cells. Northern blot analysis shows a marked suppression of HBVrelated mRNA in positive transfectants. Expression of P-actin, a fetoprotein, albumin, and prealbumin, however, was not correlated with GnT-III activity. When positive transfectant cells were treated with the oligosaccharide processing inhibitors, such as tunicamycin and swainsonin, expression of HBVrelated RNA was dramatically increased. These data indicate that some glycoproteins whose oligosaccharide structures are changed by over expression of GnT-III suppress HBV gene expression (Miyoshi et al., 1995) .
Future perspectives
Over 30 glycosyltransferase genes have been already cloned (see reviews in Varki, 1993, and Field and Wainwright, 1995) and several research strategies using those cloned genes including transgenic mice, knock-out mice as well as gene transfection experiments have explored biological functions of various sugar chains. The implications for development, morphogenesis, cell communications, cancer development, and metastasis have been already reported by several researchers. The sugar chains also function as sorting signals for glycoproteins and glycolipids (Hakomori, 1989) . As compared to studies using overexpressed or knock-out animals, the gene transfection studies are simpler and less time consuming. Using this strategies, we can easily remodel the cell surface or intracellular glycoconjugate structures which will provide us pivotal information in glycobiology research.
